Multiple subunits of the hepatitis B virus (HBV) core protein (HBc) assemble into an icosahedral capsid that packages the viral pregenomic RNA (pgRNA). The N-terminal domain (NTD) of HBc is sufficient for capsid assembly, in the absence of pgRNA or any other viral or host factors, under conditions of high HBc and/or salt concentrations. The C-terminal domain (CTD) is deemed dispensable for capsid assembly although it is essential for pgRNA packaging. We report here that HBc expressed in a mammalian cell lysate, rabbit reticulocyte lysate (RRL), was able to assemble into capsids when (low-nanomolar) HBc concentrations mimicked those achieved under conditions of viral replication in vivo and were far below those used previously for capsid assembly in vitro. Furthermore, at physiologically low HBc concentrations in RRL, the NTD was insufficient for capsid assembly and the CTD was also required. The CTD likely facilitated assembly under these conditions via RNA binding and protein-protein interactions. Moreover, the CTD underwent phosphorylation and dephosphorylation events in RRL similar to those seen in vivo which regulated capsid assembly. Importantly, the NTD alone also failed to accumulate in mammalian cells, likely resulting from its failure to assemble efficiently. Coexpression of the full-length HBc rescued NTD assembly in RRL as well as NTD expression and assembly in mammalian cells, resulting in the formation of mosaic capsids containing both full-length HBc and the NTD. These results have important implications for HBV assembly during replication and provide a facile cell-free system to study capsid assembly under physiologically relevant conditions, including its modulation by host factors.
H
epatitis B virus (HBV) remains an important global pathogen that chronically infects hundreds of millions of people worldwide and causes hepatitis, cirrhosis, and liver cancer (1, 2) . HBV is an enveloped virus with an inner capsid shell which, in turn, encloses a small (3.2-kbp) DNA genome. As a member of the Hepadnaviridae family, which also includes related animal viruses such as the duck hepatitis B virus (DHBV), HBV replicates its DNA genome via reverse transcription of an RNA intermediate called pregenomic RNA (pgRNA) (3) (4) (5) . HBV assembly begins with the formation of a nucleocapsid (NC) that packages specifically a copy of pgRNA, in complex with the virally encoded reverse transcriptase (RT) protein (6, 7) . The pgRNA is then converted to DNA within NCs by RT.
The icosahedral HBV capsid shell enclosing the viral RNA or DNA is composed of multiple copies of a single viral protein, the HBV core (capsid) protein (HBc). This small (ca. 21-kDa) protein has multiple essential functions in the viral life cycle. In addition to capsid assembly and packaging of pgRNA and RT as mentioned above, HBc functions also include regulation of viral reverse transcription, NC envelopment and virion secretion, and nuclear import of the viral DNA (2, 5, 8) . The HBc can be divided into an N-terminal domain (NTD) (from position 1 to position 140) responsible for capsid assembly (thus also called the assembly domain) and a C-terminal domain (CTD) (position 149 to position 183 or 185, depending on the strains), which are connected by a linker region (position 140 to position 149) (Fig. 1A) . The basic building blocks of the HBV capsid are HBc dimers, with 90 or 120 dimers self-assembling into a T ϭ 3 or T ϭ 4 icosahedral capsid (9) (10) (11) . In heterologous overexpression systems, including bacterial and insect cells and in vitro assembly reactions using purified protein, the NTD alone, without the CTD, is clearly sufficient for assembly into capsids that are morphologically similar to authentic capsids assembled from full-length HBc (11) (12) (13) (14) . On the other hand, the highly basic and arginine-rich (protamine-like) CTD shows nonspecific RNA and DNA binding and nucleic acid chaperone activities (15, 16) , plays an essential role in viral RNA packaging (17) and DNA synthesis (17, 18) , and regulates HBc nuclear localization (19, 20) .
The HBc CTD undergoes dynamic phosphorylation and dephosphorylation events that regulate its nucleic acid binding, subcellular localization, and other functions such as pgRNA packaging and DNA synthesis (19) (20) (21) (22) (23) (24) (25) (26) (27) . The nonspecific RNA binding activity of CTD allows incorporation of nonspecific RNAs into capsids assembled in vitro using purified HBc or in bacteria (11, 13, 28, 29) . How capsid assembly discriminates the specific viral pgRNA versus nonspecific RNAs during viral replication remains to be elucidated. It is known, however, that CTD phosphorylation is required for specific viral RNA packaging (25, 26, 30) . Also, in insect or mammalian cells where CTD is phosphorylated, HBV capsids assembled from full-length HBc with intact CTD package little to no nonspecific RNA (12, 31, 32) , in contrast to those assembled in bacteria where HBc is unphosphorylated, consistent with the inhibition of CTD RNA binding by its phosphorylation (21, 22) .
The CTD contains three major S phosphorylation sites (S155, S162, and S170) (19, 33, 34) , and three additional S/T phosphorylation sites (T160, S168, and S176) have recently been identified (30) (Fig. 1A) . Besides these six known phosphorylation sites, another potential CTD phosphorylation site (S178) (Fig. 1A) is also conserved among most HBV isolates (20) . As the virus does not encode any protein kinase, CTD phosphorylation is mediated exclusively by host cell kinases, including cyclin-dependent kinase 2 (CDK2) and protein kinase C (PKC) (22, 34) . To date, no information has been available on the cellular phosphatase(s) that mediates CTD dephosphorylation, which accompanies viral reverse transcription and is required during second-strand DNA synthesis, as shown in DHBV (23, 24, 35) . HBc dephosphorylation is thought to maintain the interior charge balance as more-negative charges inside the NC build up due to the conversion of the singlestranded pgRNA to the double-stranded DNA (23, 36, 37) .
We report here the development of a cell-free system that supports HBV capsid assembly based on a widely used mammalian cell-free translation extract, rabbit reticulocyte lysate (RRL). We found that, in contrast to previous results obtained using overexpression systems and nonphysiological in vitro assembly reactions, the HBc CTD, in addition to the NTD, was required to facilitate capsid assembly under conditions mimicking viral replication in the mammalian cell lysate as well as in mammalian cells. Furthermore, we found that CTD phosphorylation dynamics, as regulated by endogenous cellular kinases and phosphatases, could regulate capsid assembly in the cell lysate.
MATERIALS AND METHODS
Plasmids. pCI-HBc, pCI-HBc-3A, pCI-HBc-3E, pCI-HBc-7A, and pCIHBc-7E were constructed by inserting into the pCI vector (Promega) between the NheI and SalI sites the wild-type (WT) or mutant HBc coding sequences, which were amplified by PCR using primers containing the designated serine/threonine-to-alanine or glutamic acid substitutions (Fig. 1A) (20) . pCI-HBc-182, -149, and -149cys, which are used to express, respectively, a mutant HBc truncated at position 182 missing the last Cys phosphorylation sites in CTD (S155, S162, and S170) are marked above the sequence and the four minor sites (T160, S168, S176, and S178) below. pCI-HBc-3A (3A) and 3E have the three major sites changed to A and E, respectively, whereas pCI-HBc-7A (7A) and 7E have all seven sites substituted. residue, HBc truncated at position 149, and HBc truncated at position 149 plus a terminal Cys residue, were similarly constructed via PCR mutagenesis. The pCI plasmids were used to express the HBc proteins in mammalian cells as well as during in vitro transcription and translation.
In vitro translation in rabbit reticulocyte lysate. A TNT-coupled rabbit reticulocyte lysate (RRL) in vitro translation system (Promega) was used to express the HBc proteins as recommended in the manufacturer's protocol. In vitro-translated proteins were labeled by the use of [
35 S]methionine. The translation reaction mixture contained ca. 125 mM KCl and 2.5 mM Mg ϩϩ (Promega). In vitro capsid assembly in RRL. Unless specifically indicated otherwise, the general assembly reaction mixtures included 1 to 3 l of translation products per 10 l final reaction volume in 1ϫ buffer 3 (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl 2 , 1 mM dithiothreitol, pH 7.9; New England BioLabs, or NEB) supplemented with 1ϫ EDTA-free protease inhibitor cocktail (Roche) and 0.8 U/l RNasin Plus RNase inhibitor (Promega). The reaction mixtures were incubated overnight (16 h) at 37°C unless indicated otherwise. Where indicated, additional enzymatic manipulations were performed as described below using the same reaction buffer.
(i) Exogenous phosphatase treatment. One unit of calf intestinal alkaline phosphatase (CIAP) (New England BioLabs) per microliter of the final reaction volume was added at the end of translation, and the reaction mixture was incubated for 16 h at 37°C.
(ii) Phosphatase inhibitor treatment. A cocktail of nonspecific phosphatase inhibitors (10 mM NaF, 50 mM ␤-glycerophosphate, 10 mM sodium pyrophosphate, and 2 mM sodium orthovanadate; all final concentrations) was added at the end of the translation, and the reaction mixture was incubated for 16 h at 37°C.
(iii) RNase A digestion. RNase A (100 g/ml final concentration) was added at the end of the translation and incubated for 16 h at 37°C or was added at the end of the 16-h assembly reaction, and the reaction mixture was incubated for another 1 h.
Agarose gel electrophoresis and capillary transfer. 35 S-labeled translation reaction mixtures were resolved by 1% agarose gel electrophoresis (100 V for ϳ3 h) in 1ϫ TAE (40 mM Tris, 20 mM acetic acid, 1 mM EDTA; pH 8.3), using 6ϫ DNA Loading Buffer Blue (New England BioLabs). The gels were then soaked in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) (pH 7.0) for approximately 30 min and transferred overnight to nitrocellulose membrane by capillary transfer. The next day, the membranes were UV cross-linked and dried in a vacuum oven for 2 h. The translation products were analyzed by autoradiography and Western blot analysis with the mouse monoclonal antibody (MAb) against the HBc NTD (32). Cytoplasmic lysates of transfected cells containing HBV capsids were resolved similarly by agarose gel electrophoresis and detected by Western blot analysis using the HBc NTD MAb as previously described (34, 38) . Viral RNA associated with the capsids was detected by using an antisense HBV riboprobe as described before (38, 39) . To detect total RNA associated with the capsids and the capsid protein signal by nucleic acid and protein staining, using Sybr gold nucleic acid gel stain and Sypro ruby, respectively (32, 34) , cytoplasmic lysate was first treated with 0.125 U/l micrococcal nuclease and 200 g/l RNase A for 1 h and 30 min at 37°C to degrade RNAs not protected by the capsids, followed by proteinase K digestion (0.5 mg/ml) for 1 h at 37°C to remove the bulk of cytoplasmic proteins but not the capsids (38, 40 ). The treated lysate was then resolved similarly by agarose gel electrophoresis and imaged using a Bio-Rad GelDoc MP system after the staining.
Sucrose gradient fractionation of HBc capsids assembled in RRL. HBc (WT or phosphorylation site mutants) was translated and subjected to 35 S labeling in a 100-l volume in RRL. Where indicated, the translation products were subjected to the indicated enzymatic reactions that were determined to induce capsid assembly most efficiently. The reaction mixtures were layered over a 15% to 30% continuous sucrose gradient (5 ml) and spun in an SW55Ti rotor at 27,000 rpm for 4 h at 4°C (24, 32) . Fractions (200 l) were collected from top to bottom. Individual fractions (10 l per fraction) along with 0.5 l of translation reaction input were resolved on a 1% agarose gel. The gel was transferred by capillary transfer to nitrocellulose membrane, and the capsids were detected by autoradiography or Western blot analysis using the NTD MAb as described above.
Cell cultures and transient transfections. Cells from the HEK293 human embryonic kidney cell line (a gift from Zhijun Luo at Boston University) were cultured in Dulbecco's modified Eagle's medium (DMEM)-F12 medium supplemented with 10% fetal bovine serum (FBS) (HyClone), as previously described (41) . HEK293 cells were transfected using a CalPhos mammalian transfection kit (Clontech) (42) .
SDS-PAGE and Western blot analysis. 35 S-labeled translation reaction mixtures were resolved by SDS-PAGE on 15% or 12.5% polyacrylamide gels. The resolved proteins were transferred to a polyvinylidene difluoride (PVDF) membrane and detected by autoradiography or Western blot analysis as described above. Cytoplasmic lysates of transfected cells containing HBV capsids were resolved similarly and detected by Western blot analysis using the HBc NTD MAb as described above. Where indicated, the phosphorylation state of HBc CTD was analyzed using a rabbit polyclonal antibody (C170) raised against a nonphosphorylated CTD peptide (from position 170 to the C terminus) (32, 43) or using two rabbit MAbs, 25-7 and 6-1, which were custom-made (by Abcam) using a CTD peptide (from residue 152 to the C terminus) as an immunogen.
Large-scale purification of HBV capsids from transfected cells. HEK293 cells were transfected with pCI-HBc, -3A, or -3E. Cytoplasmic lysate preparation and subsequent sucrose gradient fractionation were performed as described before (24, 32, 34) . Briefly, the cell lysate was loaded on top of a linear 15% to 30% sucrose gradient. Ultracentrifugation was then performed in an SW32 rotor at 27,000 rpm for 4 h at 4°C. RNA and protein signals associated with purified capsids, following resolution on an agarose gel, were detected by staining with Sybr gold nucleic acid gel stain and Sypro ruby, respectively, as described above. To concentrate the capsids from the sucrose gradient fraction, approximately 200 l of the peak capsid fractions was mixed with 0.8 ml TNE (10 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 8.0)-1% NP-40 -0.05% ␤-mercaptoethanol supplemented with protease inhibitors. NaCl and polyethylene glycol (PEG) were added to reach 500 mM and a 10% final concentration, respectively, followed by rotation at room temperature for ca. 30 min to dissolve the PEG. The capsids were then precipitated on ice overnight and recovered by centrifugation at 12,000 rpm for 20 min at 4°C in a microcentrifuge. The capsid pellet was resuspended in 10 to 20 l TNE-1% NP-40 -0.05% ␤-mercaptoethanol supplemented with protease inhibitors.
IP. The sucrose capsid peak fraction was diluted in the immunoprecipitation (IP) buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1ϫ protease inhibitor cocktail [Roche] ). The anti-CTD rabbit MAb (6-1) or a control IgG antibody prebound to protein A/G beads (Sigma) was used to immunoprecipitate the full-length HBc and any associated C149 in native capsids, as previously described (33, 38) . Bound proteins were eluted by boiling the beads in SDS sample buffer, resolved by SDS-PAGE, and detected by Western blot analysis using the HBc NTD MAb (32) .
RESULTS
Capsid assembly from HBc expressed in RRL required CTD and could be modulated by manipulating the state of CTD phosphorylation. We were intrigued by previous reports that HBV capsid could assemble efficiently in Xenopus oocytes when HBc concentrations were less than 1 M (44), whereas the concentrations required for assembly in vitro with purified HBc NTD at physiological salt concentrations were much higher (ca. 40 to 80 M) (11, 45) . We decided to test the possibility that HBc translated in RRL may also be able to assemble into capsids, even if its concentrations were much lower than those required for assembly using purified HBc. RRL was chosen for in vitro expression due to its ability not only to efficiently translate a variety of proteins but also to facilitate their folding and posttranslational modifications (see, e.g., references 34 and 46). To allow sufficient time for assembly to occur, we incubated HBc in the translation mixture overnight at 37°C, after dilution in a buffer with physiological salt concentrations (see Materials and Methods) (Fig. 1C ). As we have recently shown that RRL contains protein kinases, including CDK2, that can phosphorylate DHBc at the same authentic CTD sites as those phosphorylated in vivo (33, 34) , we considered it possible that HBc could be phosphorylated by a cellular kinase(s) in RRL as well. Furthermore, since the CTD phosphorylation state might influence capsid assembly (e.g., by affecting CTD interactions with nonspecific RNA), we tested not only the wild type (WT) HBc but also a number of HBc mutants with CTD substitutions that mimic either the nonphosphorylated state (S/T to A) or phosphorylated state (S/T to E) (Fig. 1A) (20, 34) . In addition, we included the HBc truncation mutation (C149) containing only the assembly domain with the entire CTD removed, which has been widely used for capsid assembly in bacteria and from purified proteins.
We first estimated the concentrations of the various HBc proteins when they were translated in RRL. A quantitative Western blot analysis was performed using a serial dilution of recombinant HBV capsids purified from bacteria as standards (Fig. 1B , bottom). As HBc translated in RRL could be labeled with [ 35 S]methionine, it could be detected easily also by autoradiography (Fig. 1B, top) . We found that ca. 0.5 to 1 ng HBc was made per microliter of translation mixture (Fig. 1B, lanes 1 to 5) independently of the CTD phosphorylation site substitutions, giving an apparent HBc concentration in RRL of ca. 25 to 50 nM (monomer). The CTD-deleted construct, C149, was expressed at a somewhat (ca. 2-fold) higher concentration, i.e., 100 nM (Fig. 1B, lane  6) . Thus, the HBc concentrations achieved by translation in RRL were close to but still below the HBc concentrations in Xenopus oocytes (ca. 1 M) and were far below the threshold required to trigger assembly from purified HBc NTD (40 to 80 M). Furthermore, as the translation reaction mixtures were diluted ca. 5-fold during the overnight incubation following translation, the HBc concentration during this ("assembly") incubation period was even lower (ca. 5 to 10 nM). We then attempted to detect any capsids that might have formed by resolving the translation mixture on an agarose gel, in parallel with a capsid standard purified from bacteria as a control ( Fig. 2A) . A distinct HBc band migrating at the same position on the agarose gel as the capsid standard (lane 11) was detected by both autoradiography (top) and Western blot analysis (bottom) in the translation reaction mixtures of mutants HBc-3A (3A) (lane 3) and 3E (lane 5), after the overnight incubation in the absence of any additional manipulation. The 3A and 3E mutants had the three major CTD phosphorylation sites changed to A or E but retained the four minor phosphorylation sites (Fig. 1A) . In contrast, WT HBc migrated much more slowly as a smear near the top of the gel (lane 1). The CTD-deleted C149 The indicated translation reaction mixture was loaded directly following translation upon dilution in double-distilled water (dH 2 O) and without the overnight incubation (i.e., no assembly reaction) (lanes 1, 5, 9, and 13), after dilution in NEB buffer 3 (buffer 3) but without the overnight incubation (lanes 2, 6, 10, and 14), after dilution in buffer 3 and with incubation overnight at 37°C (lanes 3, 7, 11, and 15), or after overnight incubation in buffer 3 and with CIAP (lanes 4, 8, 12, and 16). (C) The indicated translation reaction mixture was loaded directly following translation upon dilution in dH 2 O and without the overnight incubation (i.e., no assembly reaction) (lanes 1, 5, and 9), after dilution in dH 2 O and with incubation overnight at 37°C (lanes 2, 6, and 10), after dilution in buffer 3 and with incubation overnight at 37°C (lanes 3, 7, and 11), or after overnight incubation at 37°C in buffer 3 and with a mixture of phosphatase inhibitors (PPI) (lanes 4, 8, and 12). Each lane contained 3 l translation product except that 3.125 ng rHBc was loaded in lane 11 of panel A. 35 S signals were detected by autoradiography (top). The HBc proteins were also detected by the MAb antibody against the NTD (bottom). C/3A/3E, WT, 3A, or 3E HBc subunits (i.e., not present in the capsid); C149, C-terminally truncated HBc protein (terminated at position 149); C-deP, dephosphorylated WT HBc subunits; Ca, capsids.
ran above the capsid band also but did so much more quickly than WT HBc (lane 8). As described in detail below, the HBc band comigrating with the capsid standard on the agarose gel was indeed verified to represent assembled capsids by sucrose gradient centrifugation; all HBc signals running above this band, including WT HBc and C149, represented unassembled subunits.
Given the likelihood of HBc phosphorylation in RRL as mentioned above, the apparent differences in assembly between the WT and the 3A or 3E phosphorylation mutant HBc further suggested that the phosphorylation state of the CTD, at the three major sites, could affect HBc assembly in RRL. We thus decided to treat the translation mixture during the overnight assembly period (i.e., following translation) with an exogenous phosphatase, CIAP, to see if dephosphorylation of the different HBc proteins mediated by CIAP could affect capsid assembly (Fig. 1C) . Remarkably, CIAP treatment induced the assembly of WT HBc ( Fig.  2A , lane 2) but did not have any significant effect on the assembly of the 3A or 3E mutant ( Fig. 2A , lanes 4 and 6), which assembled even without CIAP treatment as described above. CIAP treatment also did not affect the mobility of the C149 truncation mutant or the unrelated luciferase protein (negative control) translated in RRL ( Fig. 2A , lanes 7 to 10), indicating that the effect of CIAP treatment was mediated through the HBc CTD.
Because the buffer components were also modified somewhat in both the mock-and CIAP-treated reaction mixtures whose results are shown in Fig. 2A (and repeated in Fig. 2B [lanes 3, 7, 11, and 15 for mock incubation and lanes 4, 8, 12, and 16 for CIAP incubation]), due to the addition of the incubation buffer ("buffer 3") (see Materials and Methods), which might have, by itself, affected HBc assembly or migration, we added the same buffer to another set of translation reaction mixtures but omitted the overnight incubation (Fig. 2B , lanes 2, 6, 10, and 14). In addition, we ran on the same gel another set of samples that neither had the buffer components nor underwent the overnight incubation ( Inclusion of the assembly buffer components alone, without the overnight incubation, was insufficient to induce assembly of any of the HBc proteins tested, and the migration of the unassembled HBc proteins with the buffer components was similar to that seen without the buffer components (Fig. 2B , lanes 1, 2, 5, 6, 9, 10, 13, and 14). Interestingly, the mobility of WT HBc was affected by the mock treatment (no CIAP) overnight incubation, which caused it to migrate even more slowly and as a broader smear ( The effects of the 37°C mock incubation and the exogenous phosphatase on HBc migration or capsid assembly suggested that an endogenous phosphatase(s) present in RRL might have affected these parameters. We thus tested the effects of phosphatase inhibitors on the mobility and assembly by the WT and mutant HBc proteins in RRL, all in the absence of any exogenous phosphatase (Fig. 1C) . We used a mixture of nonspecific phosphatase inhibitors (see Materials and Methods) for this purpose. As shown in . These results thus confirmed our suspicion that RRL indeed contained an endogenous cellular phosphatase(s) that could mediate CTD dephosphorylation and consequently was responsible for inducing capsid assembly by 3E and, to a lesser extent, by 3A. In the case of WT HBc, the presence of the putative endogenous phosphatase, in contrast to that of the exogenous CIAP, was apparently insufficient to trigger capsid assembly but could induce the mobility upshift, presumably as a result of dephosphorylation that was less complete than that caused by the exogenous CIAP treatment.
To verify CTD phosphorylation in RRL and dephosphorylation by CIAP treatment, we employed a polyclonal anti-CTD an- 6) , or 3E (lanes 4 and 7) was expressed in RRL and resolved by SDS-PAGE, with prior CIAP treatment (lanes 5 to 7) or without prior CIAP treatment (lanes 2 to 4), and was detected by the anti-CTD antibodies (C170, top panels; 25-7, upper middle panels; 6-1, bottom panels) or the anti-NTD MAb (lower middle panels). WT HBc expressed in E. coli (lane 1) was analyzed in parallel. (B) Equal amounts (15 ng) of the indicated GST-CTD fusion proteins purified from E. coli (thus all nonphosphorylated) were resolved by SDS-PAGE and detected by the C170 (lanes 1 to 3), 25-7 (lanes 4 to 6), or 6-1 (lanes 7 to 9) antibody. GST-HCC141 contains HBc CTD sequences from 141-183, and GST-HCC141-3A or -3E contains the same sequences except that the three major S phosphorylation sites (Fig. 1A ) are substituted with A or E, respectively. C, WT or mutant HBc. tibody (C170) raised against a synthetic peptide corresponding to the last 14 residues of nonphosphorylated HBc (43), which is predicted to react preferentially with nonphosphorylated CTD. As anticipated, the C170 antibody detected readily the nonphosphorylated HBc expressed in Escherichia coli, like the anti-NTD MAb (Fig. 3A, lane 1, top panel) . However, C170 failed to detect HBc translated in RRL (Fig. 3A , lane 2, top panel) but could do so after the translated HBc was treated with CIAP (Fig. 3A, lane 5, top  panel) . This was the case despite the finding that more untreated HBc than CIAP-treated HBc was loaded, as detected by the anti-NTD MAb (Fig. 3A , lanes 2 and 5, lower middle panels), which should detect the various HBc proteins independently of the state of phosphorylation of the CTD. Since the C170 antibody used for the experiments whose results are presented in Fig. 3A was raised against the CTD peptide consisting of positions 170 to 183, these results indicated that at least S170, S176, and/or S178 in CTD was indeed phosphorylated in RRL and dephosphorylated by CIAP treatment. Furthermore, we confirmed these results with a rabbit monoclonal antibody raised against CTD, 25-7 (see Materials and Methods for details), which again reacted preferentially with nonphosphorylated CTD and produced essentially the same results as C170 (Fig. 3A , lanes 2 and 5, upper middle panels). Although the exact epitope recognized by 25-7 remains to be defined, these results confirmed that CTD was phosphorylated in RRL and that CIAP caused CTD dephosphorylation as expected. Another monoclonal anti-CTD antibody, 6-1, which reacts with the extreme C-terminal sequence of CTD (see Fig. 7 ), detected the HBc proteins the same way as the anti-NTD MAb (Fig. 3A , bottom panels), indicating that 6-1, like the anti-NTD MAb, could detect HBc independently of the state of phosphorylation of the CTD. This is consistent with the lack of any potential sites of phosphorylation within the last 5 residues of HBc (Fig. 1A) .
Like WT HBc, 3E also was barely detectable without CIAP treatment by the C170 or 25-7 antibodies (Fig. 3A , lane 4, top and upper middle panels). Also similarly to WT HBc, 3E reactivity with C170 or 25-7 dramatically increased upon CIAP treatment (Fig. 3A , lane 7, top and upper middle panels), indicating that one or more non-SP sites (see Fig. 1A ) of CTD phosphorylation were utilized in RRL. After normalization to the signal obtained using the anti-NTD MAb, we found that 3A, without any CIAP treatment, was more reactive with C170 or 25-7 than WT HBc or 3E, indicating that 3A was less phosphorylated (at the non-SP site[s]) than 3E or WT HBc. Thus, whereas the anti-NTD MAb showed that the amount of 3A was less than that of WT HBc or 3E (Fig. 3A , lanes 2 to 4, lower middle panel), the amount of 3A detected by C170 or 25-7 was actually higher than that of WT HBc or 3E (Fig.  3A , lanes 2 to 4, top and upper middle panels). Furthermore, CIAP treatment did not significantly affect the reactivity of 3A with either C170 or 25-7 (Fig. 3A, lane 6 versus lane 3) , in contrast to WT HBc or 3E. Whereas the anti-NTD MAb showed that the amount of 3A loaded was approximately the same as that of WT HBc or 3E (Fig. 3A , lanes 5 to 7, lower middle panel), 3A was detected by C170 or 25-7 at much lower levels than WT HBc or 3E (Fig. 3A , lane 5 to 7, top and upper middle panels), indicating that 3A, though less phosphorylated in RRL than WT HBc or 3E, remained phosphorylated even after CIAP treatment. Note that the S-to-A/E substitutions in 3A or 3E, on their own, had little effect on the CTD reactivity with either C170 or 25-7, as shown by the equal levels of detection by these two antibodies, as well as the phosphorylation-independent 6-1 MAb, of nonphosphorylated, glutathi-
FIG 4
Effects of exogenous phosphatase and RNase treatment on capsid assembly in RRL. The indicated HBc proteins were translated in RRL, and the translation reaction mixtures were resolved by agarose gel electrophoresis (top panels) or SDS-PAGE (bottom panels) without any further treatment (lanes 1, 7, 13, 19, 25, and 31) or were treated with NEB buffer 3 alone overnight at 37°C (buffer) (lanes 2, 8, 14, 20, 26, and 32), with buffer 3 plus CIAP overnight at 37°C (CIAP) (lanes 3, 9, 15, 21, 27, and 33), with buffer 3 plus CIAP overnight at 37°C followed by RNase treatment for one additional hour (CIAP-RNase) (lanes 4, 10, 16, 22, 28, and 34), with RNase for 1 h followed by buffer 3 plus CIAP overnight at 37°C (lanes 5, 11, 17, 23, 29, and 35), or with the mixture of phosphatase inhibitors overnight at 37°C (lanes 6, 12, 18, 24, 30, and 36). All lanes contained 2 l translation products. 35 S-labeled HBc proteins were detected by autoradiography. C, 3A, and 3E/7A, WT or mutant HBc subunits; C149, C-terminally truncated HBc protein (terminated at position 149); C-deP, dephosphorylated HBc subunits; Ca, capsids.
one S-transferase (GST)-CTD fusion proteins purified from E. coli (34) (Fig. 3B) .
Thus, whereas 3A was less phosphorylated in RRL, the phosphorylation sites in 3A were also more resistant to dephosphorylation by CIAP than those in WT HBc or 3E. This was possibly due to RNA binding by 3A, which was much stronger than that by WT HBc or 3E (see below), preventing CIAP from accessing the CTD phosphorylation sites in 3A. Alternatively or additionally, 3A might have assembled faster than WT HBc or 3E such that its sites of phosphorylation became inaccessible to CIAP; the rate of assembly of capsids (and any putative intermediates) remains to be defined. Although the exact status of CTD phosphorylation at each site remains to be more precisely determined by further analyses using additional antibodies that can differentiate phosphorylated CTD from nonphosphorylated CTD at each individual site and mass spectrometry as we did for DHBc (24) , our results here clearly demonstrated that WT HBc and 3E and, to a less extent, 3A were phosphorylated by endogenous RRL kinase(s) and that CIAP treatment caused dephosphorylation of WT HBc and 3E. The higher degree of CTD phosphorylation of the CTD phosphomutant 3E versus 3A at the remaining phosphor sites could also account for the need of dephosphorylation (by endogenous RRL phosphatases or CIAP) to trigger assembly by 3E but not by 3A ( Fig. 2 and 4) .
To further test the role of CTD phosphorylation state in capsid assembly, we included two additional CTD phosphorylation mutants, HBc-7A (7A) and 7E, which have all seven (six confirmed and one putative) phosphorylation sites in CTD changed to A and E, respectively (Fig. 1A) . These two mutants would mimic the two extreme states of CTD phosphorylation, i.e., complete dephosphorylation and complete phosphorylation, respectively. Furthermore, as the CTD of these two mutants could not be phosphorylated at all, they served as appropriate controls to dissect direct effects on CTD phosphorylation per se versus indirect effects (e.g., via effects on cellular factors in RRL) that any manipulations (e.g., CIAP treatment) had on capsid assembly. Thus, if CIAP treatment affected capsid assembly via direct effects on CTD phosphorylation, it was not expected to affect assembly by either 7A or 7E. On the other hand, if CIAP treatment exerted its effect on capsid assembly indirectly through effects on some RRL factors, it might still affect 7A or 7E assembly. Similarly to 3A, 7A was able to assemble into capsids and this assembly was independent of exogenous phosphatase but dependent on the 37°C incubation (Fig. 4,  top, lanes 19 to 21) . Inhibition of the endogenous phosphatase had little effect on 7A assembly (Fig. 4, top, lane 24) , consistent with its loss of all CTD phosphorylation sites. Interestingly, the 7E mutant, uniquely among all the HBc proteins tested, appeared to have already undergone substantial assembly by the end of the translation reaction such that most 7E migrated at the authentic capsid position without the assembly period at 37°C (Fig. 4, top,  lane 25) . Neither the addition of the exogenous phosphatase nor inhibition of the endogenous phosphatase after the translation reaction had any significant effect on 7E assembly (Fig. 4, top,  lanes 26, 27, and 30) . These results were thus most consistent with a direct effect of CIAP or endogenous RRL phosphatases (and RRL kinases) on the phosphorylation state of the CTD affecting capsid assembly.
Whereas the assembled capsids, from either the WT or mutant HBc proteins, all migrated to the same position as the bacterially derived capsid standard on the native agarose gel, the mobility of the unassembled HBc subunits was apparently affected by their phosphorylation state. In addition to the mobility upshift of the WT HBc protein induced by the endogenous phosphatase as described above, unassembled 3A and 7A, mimicking CTD dephosphorylation, migrated mostly just above the capsid band and comigrated with C149, whereas the phosphomimetic 3E mutant protein migrated mostly on top of the gel above the WT HBc protein but could also run as a broad smear from above the assembled capsids to above the unassembled WT HBc subunits (Fig.  2 and Fig. 4, top) . Assembly of 7E was so fast that little unassembled protein was detected on the agarose gel (Fig. 4, top, lane  25) . The exact physical state of the unassembled HBc proteins (subunits) remains to be fully characterized, but they were presumably dimers, as determined on the basis of the rapid HBc dimerization observed in the Xenopus oocyte (9) and in vitro from purified proteins (11). Furthermore, as described below, the unassembled HBc proteins were probably associated with RNA nonspecifically in RRL, which would, at least to some extent, account for their mobility on the agarose gel. The fact that they stayed in the top fractions during sucrose gradient centrifugation also suggests that these complexes were much smaller than the capsids which sedimented to the middle of the gradient (Fig. 5) .
The role of RNA in capsid assembly in RRL depended on the CTD phosphorylation state. Since the CTD is known to have nonspecific RNA binding activity that is modulated by its phosphorylation state, we were interested in any potential effects of RNA on core protein mobility and, more importantly, on capsid assembly in RRL. We thus treated the translation reaction mixtures with RNase immediately following translation and before conducting the assembly reaction or, alternatively, treated the reaction mixtures with RNase following assembly (Fig. 1C) . With respect to WT HBc, RNase treatment before CIAP treatment, which was needed to induce WT HBc assembly ( Fig. 2 and 4) , prevented capsid assembly (Fig. 4, top, lane 5) , thus indicating that RNA indeed played a critical role in the assembly of WT HBc. RNase pretreatment also prevented assembly of the 3E mutant (Fig. 4, top, lane 17) . On the other hand, RNase treatment had no effect on assembly of the 3A mutant (Fig. 4, top, lane 11) . In contrast to the 3A results, 7A assembly was abolished by RNase treatment (Fig. 4, top, lane 23) , indicating an essential role for RNA in 7A assembly. On the other hand, RNase treatment had no effect on 7E assembly (Fig. 4, top, lane 29) . In contrast to RNase treatment before assembly, RNase treatment following the completion of capsid assembly showed little effect on any of the assembled capsids (Fig. 4, top, lanes 4, 10, 16, 22, and 28) , suggesting that the assembled capsids were no longer sensitive to RNase and were able to protect the RNA if it was packaged during assembly (see Discussion).
RNase digestion also affected the mobility of the unassembled HBc subunits, especially the WT, 3E, and 7A. Indeed, these unassembled proteins became mostly undetectable on the agarose gel (Fig. 4, top, lanes 5, 17, and 23 ), indicating that they either ran off the agarose gel or failed to enter the gel. Even C149, with the CTD entirely removed, was affected by the RNase treatment, albeit to a smaller degree (Fig. 4, top, lanes 34 and 35) . This is consistent with the previous finding that C149 retains some RNA binding activity (13) . The proteins were not simply degraded during the RNase treatment, since the amounts of total core proteins detected by SDS-PAGE were not affected by RNase digestion or any of the manipulations tested (Fig. 4, bottom) . As the core proteins are highly basic, they presumably failed to migrate toward the anode side (i.e., failed to enter the agarose gel) without bound RNA.
Analysis of capsid assembly in RRL by sucrose gradient centrifugation. To further verify capsid assembly in RRL, the capsids assembled from the WT and mutant HBc proteins that were translated in RRL were analyzed by sucrose gradient centrifugation, in parallel with a capsid standard purified from bacteria, which was reconstituted into mock-translated RRL to mimic the conditions of capsids assembled in RRL. Based on the results described above, the WT and various HBc mutants were allowed to assemble into capsids under the optimal conditions appropriate for each (Fig.  5) . Aliquots of unfractionated RRL translation reaction mixtures, which either did not undergo any further treatment or were treated with CIAP, were loaded in parallel. As expected, the capsid standard sedimented into the gradient and peaked at around fraction 11 (Fig. 5C, lane 10) . C149, which did not show any sign of assembly under any conditions in the preceding figures, also showed no evidence of assembly as judged by the gradient centrifugation (Fig. 5H) . C149 stayed on the top of the gradient (Fig. 5H,  lanes 2 to 3) , and the protein from the top of the gradient migrated quickly (above assembled capsids) on the agarose gel, just as it did in unfractionated RRL (Fig. 5H, lane 1, and Fig. 2 and 3) . C149 was incubated with CIAP before the sucrose gradient analysis, as the other HBc proteins were mostly assembled into capsids under the CIAP treatment condition before gradient analysis.
WT HBc did not assemble into any capsids in the absence of exogenous CIAP and stayed on the top of the gradient (Fig. 5A) . The unassembled WT HBc proteins from the top fractions of the gradient also migrated much more slowly on the agarose gel than assembled capsids (Fig. 5A, lanes 2 and 3) , as shown for the unfractionated translation reaction mixtures (Fig. 5A , lane 1; see also Fig. 2 and 4) . In contrast, capsids assembled from CIAP-treated WT HBc sedimented into the gradient with a peak at fractions 10 to 11 (Fig. 5B, lanes 9 to 10) , similarly to the capsid standard purified from bacteria. Capsids assembled from 3A and 3E similarly peaked in fraction 11 (Fig. 5D, lane 11, and Fig. 5E, lane 10) . Interestingly, the capsids assembled from 7A appeared to sediment significantly faster into the gradient, peaking at fraction 12 (Fig. 5F, lane 12) , whereas the 7E capsids sedimented the slowest, peaking at fraction 9 (Fig. 5G, lane 9) . We have shown previously that the sedimentation of capsids on the sucrose gradient is affected by their interior nucleic acid content, e.g., double-stranded treated as indicated, were separated over a linear 15% to 30% sucrose gradient spun in an SW55 rotor at 27,000 rpm for 4 h at 4°C. The indicated sucrose fractions (10 l each) or input RRL translation mixtures (either left untreated or treated as indicated) (0.5 l) were resolved by agarose gel electrophoresis. The direction of centrifugation is indicated by the arrows. 35 S-labeled HBc proteins were detected by autoradiography. Capsids purified from E. coli (unlabeled) in panel C were detected by Western blot analysis using the anti-HBc NTD MAb. Fract #, sucrose fraction number; mock, overnight incubation in the assembly buffer alone; C and 3E, full-length HBc proteins; C149, C-terminally truncated HBc protein (terminated at position 149); Ca, capsids.
DNA-containing capsids sediment faster than single-stranded DNA-or pgRNA-containing capsids (24) . Thus, the differences in sedimentation characteristics on the gradient may suggest that the WT and mutant capsids assembled had different interior RNA contents; in particular, the fairly large difference between 7A and 7E might have reflected the difference in nonspecific RNA packaging in these capsids (see below and Discussion).
Rescue of NTD assembly in RRL by coexpression of WT HBc. Since CTD-deleted C149 is clearly able to assemble into capsids at a sufficiently high concentration and CTD was able to facilitate capsid assembly at physiologically low HBc concentrations, we reasoned that C149 assembly under low-concentration conditions might be rescued when WT HBc was present. To test this possibility, we cotranslated WT and C149 proteins together in RRL and assayed for capsid assembly by sucrose gradient centrifugation and agarose gel electrophoresis. Interestingly, upon resolution of the cotranslation reaction on the agarose gel, a novel HBc species appeared that migrated between WT HBc and C149 subunits (indicated by an asterisk [*] in Fig. 6A , bottom panel), suggesting that WT and C149 HBc proteins could indeed interact, presumably through the NTD assembly domain in both proteins. Upon CIAP treatment to induce assembly, a fast-migrating species on the agarose gel that sedimented into the capsid position in the sucrose gradient, corresponding to the assembled capsids, appeared in the HBc-alone reaction (Fig. 6A, top panel) but not in the C149-alone reaction (Fig. 6A, middle panel) , as shown above. In the mixedtranslation reaction, CIAP also induced capsid assembly (Fig. 6A,  bottom) . To ascertain if the capsids formed in the mixed translation might also contain C149, in addition to WT HBc, we analyzed the capsid fractions purified from the mixed-translation reaction mixture by SDS-PAGE. Indeed, C149 was detected in the same capsid peak fractions as WT HBc, in contrast to the C149-alone translation where no C149 protein sedimented into the capsid position (Fig. 6B) . These results thus indicated that the assembly defect of C149 could indeed be rescued by WT HBc, likely by coassembly of mosaic capsids containing both WT HBc and C149 mediated by NTD-NTD interactions (see below also). The amount of capsid assembled in the presence of C149 appeared to be somewhat less than that in the absence of C149 (Fig. 6) , suggesting that C149 might have also exerted some interference (i.e., a dominant-negative effect) on WT HBc assembly besides being rescued in the form of assembled capsids by WT HBc.
Failure of NTD to accumulate in mammalian cells and rescue of NTD expression and assembly in mammalian cells by WT HBc. Given the surprising result described above that showed that C149 was unable to assemble in RRL (Fig. 2 and 4 to 6 ), we were interested in determining if C149 was able to assemble in mammalian cells. Surprisingly, C149 expression was barely detectable in HEK293 cells (Fig. 7A, lane 3) or in HepG2 or Huh7 cells (data not shown). Given that unassembled core subunits are known to be less stable than assembled capsids (47) and that C149 was unable to assemble in RRL, it was likely that the low expression level of C149 was a consequence of its failure to assemble into capsids and thus of its rapid degradation as subunits.
To test if coexpression of WT HBc might rescue the expression and assembly of C149 in cells, we cotransfected both the WT HBcexpressing and C149-expressing constructs into HEK293 cells. Indeed, coexpression with WT HBc dramatically increased the levels of C149 in cells (Fig. 7A, lane 7 versus lane 3) , suggesting that WT HBc could indeed rescue the expression of C149 in cells, presumably through interactions mediated by the NTD. Sucrose gradient ultracentrifugation demonstrated that the C149 protein detected in the cotransfected cells sedimented to the same fractions as WT HBc (Fig. 7B) , indicating that C149 was assembled into capsids under cotransfection conditions. Given that C149 was expressed at the same levels as or at even higher levels than WT HBc in RRL and yet failed to assemble into capsids ( Fig. 2 and 4 to 6) , the rescue of C149 expression levels in HEK293 cells by WT HBc was likely a result of C149 coassembly into mosaic capsids (and the consequent stabilization) with the coexpressed WT HBc.
To detect the putative mosaic capsids containing both the WT HBc and C149 proteins, the anti-CTD MAb, 6-1, was used to pull down WT HBc in native capsids, and the presence of any C149 in the immunoprecipitated capsids was then detected by SDS-PAGE and Western blot analysis using the ant-NTD MAb (Fig. 7C) . In- deed, both WT HBc and C149 were readily detected in the immunoprecipitates, confirming that C149 was able to coassemble with WT HBc into mosaic capsids. This result was thus consistent with the notion that all the information required for capsid assembly is contained in C149, which was also folded appropriately in mammalian cells in a manner similar to that seen in bacteria, but the concentrations reached in mammalian cells or in RRL were insufficient for C149 to assemble, in contrast to bacterial and insect cell overexpression systems. The presence of CTD donated by WT HBc, in a fraction of assembling subunits, was thus sufficient to lower the threshold concentration for assembly, leading to the generation of mosaic capsids incorporating both WT and CTDtruncated HBc subunits. Successful precipitation of the capsid particles by the anti-CTD antibody further indicated that at least a fraction of the CTD was exposed on the surface of these empty capsids assembled in mammalian cells, consistent with previous results of experiments performed on empty capsids assembled using purified subunits in vitro (48) . As the 6-1 MAb recognizes an epitope at the very C-terminal end of CTD-the removal of the last Cys residue of HBc (in C182) led to a complete loss of 6-1 reactivity (Fig. 7D) -this result further indicated that the very C-terminal end of HBc is exposed on the capsid surface.
Since the C-terminal Cys (i.e., Cys183) is known to be involved in cross-linking HBc dimers in the capsids and, though nonessential for assembly, can stabilize the capsids (11, 14, (49) (50) (51) and since this residue is missing from C149, we were interested in testing the role of C183 in capsid formation in the mammalian cell system. First, we added a terminal Cys residue to C149 to make C149cys such that it was still missing the entire CTD except for the last Cys. However, C149cys was no better than C149 in terms of expression or assembly (Fig. 7A, lanes 3 and 4) , suggesting that the terminal Cys alone was insufficient to substitute for the CTD in capsid assembly. We then tested the reciprocal of C149cys, C182, which contains the entire CTD except the terminal Cys residue. C182 expression (and assembly; not shown) behaved just like that seen with WT HBc (Fig. 7A, lanes 1, 2, 5, and 6) . Furthermore, C182 was as effective as WT HBc in rescuing C149 expression (Fig. 7A,  lanes 7 and 9) . Thus, there was no need for the C-terminal Cys to be present in order for HBc to assemble or to rescue C149 in our expression system. In fact, C149cys expression could not be rescued as effectively as C149 expression by either WT HBc or C182 (Fig. 7A, lanes 8 and 10 versus 7 and 9 ). This result suggested that the effect of the last Cys on capsid assembly was context dependent and that it might interfere with assembly under certain conditions, perhaps via inappropriate disulfide formation.
Analysis of nonspecific RNA packaging by WT and mutant HBV capsids. The results shown in Fig. 4 and 5 and described above suggested that the capsids assembled in RRL might package RNA in a manner dependent on the state of CTD phosphorylation. Due to the small amounts of capsids assembled in RRL, it was difficult to measure accurately RNA packaging by capsids in RRL (see Discussion below). To look into nonspecific RNA packaging during the assembly of the WT and mutant capsids in detail, we turned to the mammalian cell system (HEK293 cells) for producing large amounts of capsids from either the WT HBc or CTD phosphorylation mutants. As shown in Fig. 8A (lane 1) , capsids assembled from WT HBc, expressed without the viral RT or pgRNA, in HEK293 cells did not package detectable levels of viral RNA (i.e., the HBc mRNA expressed from the HBc expression plasmid) as determined by the Northern blot assay following resolution of capsids in the cell lysate by agarose gel electrophoresis. This was expected since specific viral RNA packaging is known to depend on the viral RT and the RNA package signal, ε, neither of which was present in these systems and since WT HBV capsids package little to no RNA nonspecifically when expressed alone in mammalian cells or insect cells (i.e., they are empty) (12, 31, 32) . Similarly, the 7E capsids, and especially the 3E capsids, assembled in the mammalian cells packaged only low levels of RNA nonspecifically (Fig. 8A, lanes 3 and 5) . In contrast, the 3A and 7A capsids from HEK293 cells packaged high levels of HBc mRNA nonspecifically (Fig. 8A, lanes 2 and 4) . Interestingly, we detected consistently lower levels of 7A capsid accumulation (Fig. 8A, lane 4) in HEK293 cells. To detect all the RNAs (not just the HBc mRNA) packaged in the capsids, we stained the capsid-associated RNAs following resolution by agarose gel electrophoresis with a nonspecific RNA detecting dye, Sybr gold, and the capsid protein signal was subsequently detected by the use of Sypro ruby protein dye on the same gel (Fig. 8B) , as we reported previously (32) . The levels of total packaged RNA, as detected by the staining method, were consistent with the levels of HBc mRNA packaged in the various capsids shown in Fig. 8A . Upon normalization to the capsid protein levels, the amounts of RNA packaging by the 3A and 7A cap- 1 and 3) or C182 (lanes 2 and 4) was resolved by SDS-PAGE and detected by Western blot analysis using the anti-NTD MAb (lanes 1 and 2) or anti-CTD MAb 6-1 (lanes 3 and 4) . C, WT HBc monomer; C149 monomer, C-terminally truncated HBc protein (terminated at position 149); IP, immunoprecipitation. C182 comigrated with WT HBc. sids in HEK293 cells were similar to that in the (unphosphorylated) capsids assembled in E. coli and that by 7E was ca. 2-fold lower and that by 3E even lower (by 8-fold) (Fig. 8B, graph) . In agreement with the lack of detection of HBV-specific RNA in WT capsids assembled in HEK293 cells, the total RNA staining approach also failed to detect nonspecific RNA packaging by WT capsids in HEK293 cells (Fig. 8B, lane 3) .
To look further into the nature of nonspecific RNA packaged by the mutant capsids, we purified large amounts of WT, 3A, and 3E capsids assembled in HEK293 cells and compared the quantity and nature of RNA packaged in these capsids to the quantity and nature of that assembled in bacteria. Capsids purified by sucrose gradient centrifugation from the different sources were resolved on an agarose gel, and the amounts of protein and RNA associated with the capsids were detected by Sypro ruby and Sybr gold staining, respectively. As shown in Fig. 8C , the levels of RNA packaging in the 3A capsids from HEK293 cells (lane 3) were similar to those in the bacterially derived capsids (lane 7), in agreement with the results obtained using crude cell lysate as described above (Fig.  8B) . In contrast, no RNA was detectable in WT capsids from HEK293 cells even when they were loaded in larger amounts than the 3A capsids (Fig. 8C, lanes 1 and 2) . The levels of RNA in WT HEK293 capsids were thus at least 30-fold lower than those in the 3A HEK293 capsids or WT capsids from bacteria. Low levels of RNA were detectable in the 3E capsids purified from HEK293 cells (Fig. 8C, lane 4) , but they were at least 5-fold lower than those in the capsids from bacteria. To look into the nature of the RNA being packaged, the capsid-associated RNA was extracted by phenol-chloroform and resolved on an agarose gel (Fig. 8D) . As reported previously (11) , the RNA packaged into the 3A (and, to lesser extent, 3E) capsids from HEK293 cells and WT capsids from bacteria was mostly small (comigrating with tRNA and mostly below 200 nucleotides [nt]), although larger (4 kb and above) RNAs could also be detected.
DISCUSSION
We have demonstrated here that the HBc NTD assembly domain, alone, was insufficient, or at least inefficient, for capsid assembly in a mammalian cell extract (RRL) or in mammalian cells (both hepatoma and HEK293 cells) when it was expressed at physiologically relevant concentrations. This is in contrast to previous results obtained using heterologous overexpression systems and nonphysiological in vitro assembly studies. Under our conditions, which were near physiological, the HBc CTD was required to stimulate capsid assembly, which was further modulated by the CTD state of phosphorylation as controlled by the host protein kinase(s) and phosphatase(s). Our results further indicate that nonspecific RNA binding by CTD likely played an important role in facilitating capsid assembly but that CTD may also facilitate assembly independently of its RNA binding activity.
HBV capsid assembly is well known to be concentration dependent. The HBc concentration for assembly in vitro using purified proteins is rather high (ca. 40 to 80 M) at physiological salt concentrations (11, 45) . Under these conditions, the NTD is clearly sufficient for capsid assembly, with no need for the CTD. In the RRL expression system used here, the HBc concentrations were lower by 3 orders of magnitude (ca. 50 nM in the translation mixture and ca. 10 nM during the assembly reaction). Under conditions incorporating these low HBc concentrations, the fulllength HBc, but not NTD alone, was able to assemble into capsids. Importantly, the HBc concentrations required to support CTDindependent capsid assembly are unlikely to be reached in infected hepatocytes or transfected hepatoma host cells where HBV assembly and replication readily occur. An estimate of the steady-state HBc concentration by quantitative Western blot analysis in stably transfected hepatoma cells suggested that it was ca. 300 nM (ca. 600 ng of HBc per 10 7 HepG2 cells, assuming a volume of 10 Ϫ5 l per cell) (L. Ludgate and J. Hu, unpublished results), far below the concentration needed for in vitro capsid assembly mediated by the NTD alone. Nevertheless, with these low concentrations, HBc is able to assemble efficiently into empty capsids with no need for, or incorporation of, the viral pgRNA (32, 38) (also see below), as well as the replication-competent nucleocapsids packaging the specific viral RT-pgRNA complex. It was also reported that virtually all HBc produced in hepatocytes in the livers of HBV-infected patients are in the assembled capsids, with few free subunits (52) . Although the exact HBc concentration in an infected hepatocyte is difficult to measure directly, it is presumably similar to those reached in transfected hepatoma cells in culture. HBc was also reported to assemble efficiently into capsids at concentrations of ca. 1 M or lower in Xenopus oocytes (44, 53) . Importantly, we found that the HBc NTD alone, without the CTD, also failed to assemble in HEK293 or human hepatoma cells, indicating that the conclusions derived from studies using RRL are likely to be applicable to living cells under conditions that support efficient capsid assembly and viral replication.
The CTD may facilitate HBc assembly under physiological concentrations in a number of ways. First, it likely functions through its well-known interactions with nonspecific RNA, which would effectively lower the threshold concentration required for capsid assembly (29) . Even in systems where high HBc concentrations make the CTD dispensable for assembly, CTD-RNA interactions are thought to stabilize the capsids (13, 28) . In addition to providing the protein-RNA interactions to drive assembly, RNA also helps to neutralize the positive charges of CTDs, minimizing the electrostatic repulsion that would impede assembly (29) . The 3A and 7A HBc mutants, mimicking nonphosphorylated HBc, indeed packaged nonspecific RNAs when assembled in mammalian cells at levels as high as those shown by WT (unphosphorylated) capsids assembled in E. coli, consistent with a role for RNA-CTD interactions in stimulating capsid assembly in the mammalian system at physiological HBc concentrations. Previously, it was reported that removal of packaged RNA from unphosphorylated capsids (assembled in bacteria) leads to capsid disruption and that they can reassemble following the addition of polyanions in vitro (54) , also supporting the idea of a role of RNA, and specifically electrostatic (ionic) interactions, in facilitating capsid assembly and stabilization.
There was apparently no strict correlation between the requirement of RNA for assembly, as assayed by the effect of RNase pretreatment on assembly in RRL, and the amount of RNA packaged in the assembled capsids. Although the small amounts of capsids assembled in RRL made it difficult to accurately quantify the levels of RNA packaged into those capsids, the levels of HBc RNA (used for in vitro translation) packaged as detected by Northern blot analysis were similar to those measured in the cell-derived capsids (K. Liu and J. Hu, unpublished results). 3A and 7A capsids packaged high levels of RNA, as anticipated from their high levels of positive CTD charges. However, 3A assembly in RRL was not inhibited by RNase treatment following translation and before assembly. The fact that RNase pretreatment before 3A assembly did not completely remove all the RNA from the 3A capsids suggests that that some RNA was already bound to 3A at the end of translation and was protected from RNase digestion in some yet-to-bedefined precapsid structure (a putative assembly intermediate). 3E capsids packaged only very low levels of RNA, and yet RNase treatment abolished its assembly, indicating that the RNA binding by 3E, though reduced relative to that by 3A or 7A, was nevertheless critical for its assembly. Similarly, assembly of WT HBc in RRL, following dephosphorylation treatment, was also inhibited by RNase treatment before dephosphorylation, and the amount of RNA packaged by WT capsids was undetectable (i.e., was even lower than that seen with 3E). These results suggest that WT HBc was likely dephosphorylated by CIAP only partially before it started to assemble, mimicking the 3E mutant, and was unlikely to be fully dephosphorylated, which would have led to WT HBc behaving like 7A in packaging high levels of nonspecific RNA. Interestingly, 7E had amounts of RNA that were clearly larger than those seen with 3E or WT. Thus, CTD phosphorylation in the case of WT and 3E may inhibit nonspecific RNA binding and packaging beyond the negative charges that were mimicked by the 7E mutation; i.e., the effects of S phosphorylation at the CTD sites could not be completely mimicked by the E substitutions. Furthermore, as WT and 3E required dephosphorylation to assemble in RRL, too-extensive CTD phosphorylation could apparently inhibit assembly, by decreasing CTD-RNA interactions and perhaps also protein-protein interactions (see below).
Second, beyond the protein-RNA interaction mediated by the CTD, protein-protein interactions mediated by the CTD, in addition to the well-defined interactions mediated by the NTD, may also facilitate capsid assembly. This idea is supported by the assembly of the CTD phosphomimetic 7E mutant, which has all seven potential sites of phosphorylation substituted with the acidic E residue. 7E assembled rapidly upon translation in RRL and in mammalian cells and may assemble independently of RNA. Indeed, 7E appeared to assemble more quickly and efficiently in RRL than the WT HBc and all other mutant HBc proteins tested here, highlighting the important contributions to capsid assembly that the CTD-mediated protein-protein interactions can make. Also, WT and 3E capsids packaged very little RNA, i.e., at least 30-fold less than the amount packaged in the nonphosphorylated capsid assembled in E. coli or its mimetic 3A and 7A in mammalian cells. Although the assembly of WT and 3E still required some RNA, the very small amounts of RNA packaged are unlikely to be sufficient to neutralize all the CTD-positive charges. Instead, the phosphorylated CTD likely plays an important role in assembly via protein-protein interactions. The putative CTD-mediated protein-protein interactions may involve CTD-CTD and perhaps even CTD-NTD interactions. In support of this notion, recent cryoelectron microscopy (cryo-EM) studies have suggested that CTD-CTD interactions may occur that may be further modulated by the CTD state of phosphorylation (55) . Another recent study also suggested that the negatively charged phosphorylated S/T residues may interact with the positively charged R residues in the CTD to stabilize the capsids (56) .
A potential protein-protein interaction involving CTD in capsid assembly and stability may be mediated through the C-terminal Cys residue. Although highly conserved, the terminal Cys residue is nonessential for assembly or viral replication but can stabilize core/capsids (49, 50) , by forming interdimer disulfide cross-links (11, 51, 57, 58) . However, we showed here that this C-terminal disulfide cross-linking did not play an essential role in facilitating capsid assembly, at least under our experimental conditions, since the C182 mutant, missing the terminal Cys residue, assembled just like the WT and it also rescued C149 (also missing a terminal Cys residue) as well as the WT.
Finally, C149 retains the linker sequence (position 141 to position 149) connecting the NTD (position 1 to position 140) to the CTD (position 150 to position 183) in WT HBc. The linker is routinely included together with the NTD in bacterial expression and in vitro assembly from purified proteins with high protein and/or salt concentrations and clearly does not interfere with NTD assembly under these conditions. However, it remains possible that the linker sequence, which is highly conserved, retained in C149 somehow interfered with assembly by the NTD under physiological conditions in RRL and mammalian cells and that this inhibitory effect of the linker is overcome by the CTD. Interestingly, HBc mutants with only part of the linker attached to the NTD (truncated at position 147, 145, or 144) accumulated and assembled at differing but detectable levels (17, 59, 60) , suggesting that the exact truncation point within the linker region may affect the capacity of the NTD to assemble in the absence of the CTD. Also, the linker is known to affect the dimorphism of capsid assembly (into either T ϭ 3 or T ϭ 4 capsids) and deletion of the linker (and thus fusion of the NTD directly to the CTD) abolished capsid assembly (61) . Given these results, further systematic studies into the role of the linker in capsid assembly are warranted.
CTD phosphorylation is well known to play a critical role in HBV pgRNA packaging (25, 26, 30) , but how it facilitates pgRNA packaging has remained unclear. Our results presented here suggest that CTD phosphorylation may, at least in part, facilitate viral RNA packaging indirectly, by decreasing competition from nonspecific RNA binding (and packaging). It was shown that when the three S residues in the SP sites were substituted with A, almost no pgRNA packaging was detectable, which was similar to the results seen with 6A (retaining only one potential CTD phosphorylation site [S178 in the strain used here] ; Fig. 1A) ; however, when 3 of the 4 conserved S/T sites in the non-SP motifs (Fig. 1A) were substituted with A, moderate levels of pgRNA packaging were still detectable (25, 26, 30) . This is consistent with the results showing that the non-SP sites are less phosphorylated than the SP sites in vivo and that their phosphorylation may play a less important role in pgRNA packaging (19, 30) . On the other hand, E substitutions at either group alone (the SP or non-SP phosphorylation sites) showed only small effects on pgRNA packaging whereas moreextensive E substitutions at both classes of sites (6E, analogous to the 7E used here) showed a severe defect in pgRNA packaging (25, 26, 30) . Thus, too much phosphorylation of the CTD may not be productive for viral pgRNA packaging either, e.g., by reducing the RNA binding affinity too much, so as to interfere with specific packaging of the pgRNA-RT complex. To facilitate the specific packaging of the pgRNA-RT RNP complex, CTD needs to be partially phosphorylated, more on the SP sites than the non-SP sites, such that the positive charges on CTD are reduced by this partial phosphorylation to allow the assembling HBc to discriminate the viral RNP complex from nonspecific RNA by demonstration of a higher affinity for the former than the latter. The degree and dynamics of CTD phosphorylation, as determined by the balance of the host kinase and phosphatase activities acting on the CTD, can thus determine the proportion of empty (i.e., no viral or cellular RNA) versus replication-competent (packaging the pgRNA-RT complex) capsids (Fig. 9) , both of which are assembled during sids by the degree of CTD phosphorylation and dephosphorylation. The HBc CTD state of phosphorylation is proposed to be regulated dynamically by the host protein kinase(s) and phosphatase(s). The letter P on the capsids denotes phosphorylation. The specific viral pgRNA is depicted as a thick and long wavy line inside the capsid (diamond), and the nonspecific RNAs are depicted as thin and short wavy lines. The dashed arrow indicates that under natural replication conditions in human cells, HBc is unlikely to be in a nonphosphorylated state upon expression and thus that few capsids with nonspecific RNA packaging would form, in contrast to capsid assembly in E. coli. See the text for details. For clarity, RT packaging is not shown. viral replication in cell cultures and in the infected liver (32, 62, 63) . Recently, it was shown that the kinetics of capsid assembly could be modulated by NTD mutations, which in turn affect pgRNA packaging (45, 64) . It is possible that capsid assembly kinetics can also be modulated by the CTD and its state of phosphorylation, as suggested by the rapid assembly of the 7E mutant in RRL. Therefore, the CTD phosphorylation state may also regulate pgRNA packaging by modulating the capsid assembly kinetics.
The RRL system described here represents a more physiologically relevant mammalian system, which allows the study of HBV capsid assembly under cell-free conditions that more closely mimic the in vivo host cellular environment. In particular, the role of CTD and its state of phosphorylation on assembly can be dissected. The role of specific host factors in modulating capsid assembly, by mediating HBc modifications or via other mechanisms, can also be studied in detail. In particular, the RRL HBc assembly system provides an experimentally tractable system to study further the role of the cellular kinases such as CDK2 and phosphatases in modulation of the CTD state of phosphorylation and, consequently, in capsid assembly and RNA packaging, a role which remains completely unknown at present. Efforts in this direction have been hampered so far by the multiple important roles of these host factors in cell biology and the resultant pleiotropic and often toxic effects associated with manipulating these factors in living cells (33, 34) . In addition, this facile assembly system should facilitate antiviral development targeted at capsid assembly. To date, only the NTD has been targeted to modulate capsid assembly (8, 47) . Our results here suggest that the CTD and host factors that modulate CTD modifications and functions may also serve as viable targets for antiviral development to inhibit capsid assembly as well as the other multiple essential functions of CTD in HBV replication (8, 20) .
